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INTRODUCTION
Soldier systems power sources were explored in a multidisciplinary and multidimensional effort that encompassed multiple aspects of the problem --from understanding and improving individual power source components to integrating those components into effective systems, predicting the performance of those systems, and providing tools to best use those systems.
During this project, twenty-seven (27) journal and conference papers were published and one invention disclosure was filed. The publication list is detailed in Section 8. Papers [2, 21] focus on modeling of batteries and fuel cells. Papers [12, 15, 18, 24] describe the design and performance of fuel cell powered battery charging systems. Studies of hybrid fuel cell/ battery power sources are detailed in papers [3, 6, 8, 13, 14, 16, 17, 20, 25, 26] and hybrid battery/ultracapacitor power sources in papers [7, 22] . Papers [4, 5] describe the usage of secondary batteries as temporary energy repositories and the design of an automatic energy recovery system for partially spent batteries. Papers [1, 9, 10, 11, 19, 23] present study results on photovoltaic power systems. Finally, a preliminary patent on technology for optimally configuring solar power sources for mobile equipment has been disclosed and filed as described in [27] Because of the completeness of these papers, this report provides only an overview of the accomplishments. The full story on each can then be obtained from the corresponding publication(s)._All the publications reported here were supported to some extent by this project (contract number N00014-03-1-0952) although some also inherited components from the prior project (Modeling of Power Systems for
Marines -contract number N00014-00-1-0368) but were not reported on that prior project due to publication delays.
A simulation tool called "Battery Analyzer for Squad Level Mission Planning" was developed which considers power requirements of various equipment during missions and associated operational environments. The tool operates in conjunction with the Virtual Test Bed (VTB) software (which was used extensively in all aspects of this work) to specify battery carriage requirements that will maximize the energy available to each member of a squad without increasing the total battery count that has to be carried. In addition, it is used to evaluate alternative sources, e.g., fuel cells. Details are described in Section 7.
The work had four significant foci. The first was understanding and modeling of individ-* ual electrochemical power components, such as batteries, fuel cells, and ultracapacitors, etc. The second was design and assessment of hybrid power systems by integrating those components with/without necessary power electronics. The third was development of a power source evaluation tool that can be used to estimate the power requirements for any particular mission based on likely equipment use scenarios. The fourth was exergy minimization analysis that can be used to identify specific schemes for energy utilization that maximize the value of every watt-hour of energy carried while minimizing the risk of being caught without power when it is needed. As a result of these studies, we believe that we are poised to make significant improvements in the capabilities of solider power systems. Specific accomplishments of the studies include:
Battery and fuel cell models o Dynamic battery models have been developed in the VTB, which are suitable for virtual-prototyping of battery involved power systems. Models account for nonlinear equilibrium potentials, rate-and temperature-dependencies, thermal effects and response to transient power demand. The models are based on pub- " Hybrid power systems o A zinc-air battery/ lithium ion battery hybrid power source was studied by using simulation models and also by testing on actual hardware. The performance of.
the hybrid was compared to that of a lithium ion battery to demonstrate the improvement in performance on both specific power and specific energy.
o An actively controlled battery/ ultracapacitor hybrid power source was investigated through both simulations and experimental tests. A DC-DC power converter actively controlled the flow of power between the battery, the ultracapacitor, and the load. A specific example of the hybrid that was built from two size 18650 lithium-ion cells and two 100-F ultracapacitors achieved a peak power of 132W, which is three-times larger than that of a corresponding passive hybrid power source (without a power converter), and a seven times better than the lithium-ion cells alone.
o Two configurations of an actively controlled fuel cell/ battery hybrid system were studied with special attention to the peak power enhancement, control design, and power losses in the DC-DC converter. Both of the defined configurations were built using a 35 W polymer electrolyte membrane (PEM) fuel cell, an "o Energy reclamation from partially depleted primary batteries, using secondary battery cells as temporary energy repositories, was studied in simulations.
"o An automatic energy optimization system was studied in simulations. It shows the feasibility of recovering energy from partially depleted primary batteries and consolidating it into one or more secondary batteries.
" Photovoltaic Power System
"o A state space approach to the design of a maximum power point (MPP) tracking system for photovoltaic energy conversion was presented and simulated.
"o An optimum configuration of cell connections to maximize the power generated by a solar array was investigated. The study found that, under complex irradiance conditions, the power generation capability of a solar array using the proposed configuration is enhanced by a factor of 2 without extra component costs.
In addition, tracking at the maximum power point is significantly simplified. By controlling the solar array terminal voltage to follow prescribed values, the power generation is maximized; thus, the complexity of hardware implementation is reduced and the control stability is enhanced. 
MODELS OF POWER SOURCE COMPONENTS
A set of simulation models for standard power sources of interest to the Marine Corps has been developed for the Virtual Test Bed environment: 1) models of battery types include Lithium ion, Li-S02, Li-MnO2, Zinc-air, and Alkaline; 2) models of fuel cell types include PEM and DMFC.
MODELING OF BATTERIES
A generic formulation for system-level models of lithium ion batteries was developed.
The formulation accounts for nonlinear equilibrium potentials, rate-and temperaturedependencies, thermal effects and response to transient power demand. To fit all of these data, the electrical model has three components: 1) an equilibrium potential E, 2) an internal resistance having two components R, and R2, and 3) and an effective capacitance that represents localized The procedure for developing the model involves first establishing one typical curve of battery voltage verses the depth of discharge as the reference curve. To yield the highest overall accuracy, this reference curve should lie near the median expected operating current, usually the 1-C or 0.5-C rate. The equilibrium potential as a function of the state of discharge was then found by excluding the ohmic losses. Secondly, the discharge rate (i.e. the current) for the reference curve was chosen as the reference rate. Thirdly, the temperature for the reference curve was chosen as the reference temperature. The dependence of the state of discharge on temperature was accounted for by a temperature factor, which has value unity for the reference curve. In the 4th
and final step, a temperature-dependent potential correction term was used to compensate for the variation of equilibrium potential that is induced by temperature changes at the reference rate. This modeling method was extended and modified to the other types of battery models including Li-SO 2 Battery (BA5590U15V), Li-SO 2 Battery (BA5800U6V), Alkaline AA/AAA battery, and Generic battery.
MODELING OF FUEL CELLS
Polymer Electrolyte Membrane (PEM) fuel cell model
A polymer electrolyte membrane fuel cell model was developed. It includes the electrochemical voltage-current relationship, heat production, fuel and air consumption, temperature and pressure dependence, and estimated mass of the stack. The model equations were derived from peer reviewed academic journals, internal studies, and texts on the subject of fuel cells. 
Gic. , source, a current (mass flow, torque, etc.) source, a dissipative (resistive) load, or as a power load.
When signal coupled, this model functions as a signal generator that can control signal-dependent source models. By referencing different Excel spread sheets, the model can be used to represent different pieces of user defined soldier system equipment.
ADVANCED PROBABILISTIC LOAD PROFILE GENERATOR MODEL
An advanced probabilistic load profile generator model was built. The program uses a probabilistic algorithm to generate load profiles for a set of items each time the program is executed. The items in the set are defined individually, with each item having its own set of operating modes based on corresponding usage statistics. For example, as shown in Fig. 3 .1, the worksheet named "Item 1P defines the operation statistics of the Item-1. In this example, the item has three operating modes: standby, active, and peak. Modes are listed under the "Mode Name"
header and the number of modes is not limited. The next two columns specify the probability that each mode occurs and the load value of the item when the mode occurs. The item has a 70% chance of being in the standby mode, and when it is in the standby mode, the item draws 1W of power. The remaining two columns specify the maximum and minimum duration that the item will operate in the corresponding mode. These limits are optional and can be left blank.
[E. When the program is executed, a profile for each item is generated individually. After every item is processed, the profiles are merged together on a single worksheet. Users can now either save a load profile for each item individually, or save the combined load profile for this set of items. An example of generated load profile is given in Fig. 3 Soldier System Power Sources 
EFFECTIVENESS OF HYBRIDIZATION SCHEMES
ZINC-AIR BATTERY -LITHIUM BATTERY HYBRID POWER SOURCE
The performance of a hybrid system comprising a zinc-air battery and a lithium-ion battery was explored by using simulation models and also by testing on actual hardware. The hybrid has an energy density higher than that of a lithium-ion battery (comparable to that of a zinc-air battery) and a peak power capacity larger than that of a zinc-air battery (comparable to that of a lithium-ion battery). A behavioral model of a zinc-air battery was created based on manufacturers' data sheets. In the experimental tests, as shown in Fig. 4 .1, Electric-Fuel C1-33 zinc-air cells
and Sony 18650 lithium-ion cells were use to build the hybrid. However, it should be noted that these results are obtained when the system is not running in safe operational limits (the maximum current of the individual battery was exceeded). It can be concluded that the lifetime of the hybrid system (at unit weight) increases twofold over the lithiumion battery for pulse current loads with a small duty ratio (for peak current). 
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Fig. 4.2. Comparison of service lie per gram of hybrid battery system and lithium-ion alone for various duty ratios.
The hybrid system was further tested to determine the optimum battery size for a given pulse-current load (high current: 1.2A, low current: 0.2A, duty ratio: 20%, period: 600s). The ref-
erence configuration is a single-cell lithium-ion battery in parallel with a three-cell zinc-air battery. The optimal configuration is achieved by varying the lithium-ion battery capacity while keeping the zinc-air battery capacity fixed. Care should be taken so that the currents of the zincair battery and the lithium-ion battery stayed under 0.5A and 2.OA respectively. This test was repeated for various duty ratios until the system attained the cut-off voltage (2.5V). Fig. 4.3 shows a histogram that compares the battery life per gram under the pulsed load of different duty ratios for both the optimized and reference configurations. For a low pulse load, the service life per gram of the hybrid increases; this increase can be attributed to a net decrease in system weight, since more zinc-air components are used compared to the lithium-ion component. However, the service life of the hybrid decreases as the duty ratio of the pulsed load increases. Note that the capacity of the lithium-ion battery decreases to an extent where the zinc-air battery current remains below its permissible value (0.5A) and the lithium-ion battery current remains below 2.OA. 
FUEL CELL/ BATTERY HYBRID POWER SOURCE
The performance of two configurations of active fuel cell/battery power source hybrids, created by interposing a dc/dc converter between a fuel cell and a battery, were investigated and compared using both theory and experiment with special attention to the peak power enhancement, and power losses in the converter. The two configurations are shown in Fig. 4 .4. Configuration (I) and Configuration (II), corresponding to the load connected to node 1 and node 2 respectively. In Configuration (I), the fuel cell is isolated from the large pulse power demands of the load by a converter and the battery supplies the load directly. Configuration (I) uses a current unidirectional power converter and Configuration (II) requires a current bidirectional converter. Both of the defined configurations were built, using a 35 W polymer electrolyte membrane (PEM) fuel cell, an 8-cell lithium-ion battery pack, and a high-efficiency power converter. 
BATTERY/ULTRACAPACITOR HYBRID POWER SOURCE
The performance of an actively controlled battery/ultracapacitor hybrid, as shown in Fig.   4 .7, was investigated by simulation and experimental tests in terms of power enhancement, discharge cycle life, specific power, and energy loss with respect to pulse load profiles. A DC-DC converter was used to actively control the power flow from a battery, to couple the battery to an ultracapacitor for power enhancement, and to deliver the power to a load efficiently. Fig. 4.8 shows a photograph of the experimental setup. A specific example of the hybrid built from two size 18650 lithium-ion cells and two 100
F ultracapacitors achieved a peak power of 132W which is a three-times improvement in peak power compared to the passive hybrid power source (hybrid without a converter), and a seven times improvement as compared to the lithium-ion cells alone. Furthermore, the operation of an active hybrid results in a much lower battery current with very small ripples, and therefore a lower battery temperature, which are preferred by many applications for a longer battery lifetime.
The discharge cycle time is reduced for the active hybrid due to an added converter loss and increased ultracapacitor loss. A compromise should be made between the power enhancement and the discharge cycle time in order to achieve optimized results depending upon applications. The design can be scaled to larger or smaller power capacities for various applications.
A battery/ultracapacitor hybrid power source with a current-mode control loop, as shown in Fig. 4 .10, for a pulsed load operation was designed and analyzed. The hybrid has the advan-* tages of highly enhanced power and better cycle life characteristics compared to a battery-alone system. The power efficiency relation derived from the steady-state analysis allows to predict and optimize the system power and efficiency performances. The small-signal analysis yields a closed-loop control system with a simple proportional compensator that can greatly improve the transient characteristics and steady-state accuracy, and in the meanwhile eliminate potential instabilities induced by the high resistance mode of the battery. The second one was the synergetic controller for pulse current charging of advanced batteries from a fuel cell power source. This control approach was applied to regulate the buck converters that control the pulse charging currents to the many batteries. Fig. 4 .13 shows the system schematic in the VTB environment. The dynamic characteristics of the synergetic controller were studied and compared with PI controller by conducting system simulation and experimental tests.
Experiment results, as shown in Fig. 4 .14 validate that the synergetic controller is less sensitive to the parameter variation and input variation and is robust to the pulse output change. The synergetic controller achieves better performances than the linear regulators. Experiment studies also
show that the efficiency of the whole system is greater than 90% and the total charging time for three batteries with pulse current charging protocol is about 25% shorter than that with dc charging protocol. 
EXERGY MINIMIZATION USE OF SECONDARY CELLS AS TEMPORARY ENERGY REPOSITORIES
Energy reclamation from partially depleted primary batteries, using secondary battery cells as temporary energy repositories, was studied using pre-validated battery models. A DC/DC power converter was interposed between the two types of batteries to control the discharging of the primary battery and the charging of the secondary battery.
A simple application scenario is used to show the potentially significant benefit of performing this energy reclamation. For an example system including a lithium sulfur dioxide primary battery with an initial state-of-charge of 0.3 at 296 K, an aggregated total of 216 KJ of energy is reclaimed and 83% of the energy (179 KJ) is stored in a 1 0-cell lithium-ion battery pack. The study results demonstrate that 8.3% of weight and 10% of cost are saved. The study results also show that appropriate increase of the ambient temperature, using relatively low discharging current, and improving the power converter efficiency at the user-specified current rate can increase battery energy reclamation.
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DESIGN AN AUTOMATIC ENERGY OPTIMIZATION CAPABILITY
A system for automatic recovery and consolidation of energy from partially spent batteries, as shown in Fig. 5.4 , was designed and analyzed using numerical'simulation in the VTB. The
Soldier System Power Sources
Final Project Report objective for this system was to minimize the stockpile of batteries needed to run a suite of portable electronic devices on a daily, mission-oriented, basis. This system is adapted to various battery types and allows the user to conveniently choose between charging and discharging specific batteries without changing the battery positions. The control algorithm, as shown in Fig. 5 
OPTIMUM CONFIGURATION OF SOLAR ARRAY FOR ENHANCED POWER GENERATION
A configuration of cell connections that maximizes the power generated by a solar array was proposed and validated, as shown in Fig. 6 .3. The new configuration capitalizes on the prolific growth of low voltage, high current power converters to support the computer industry. Fig.   6 .4 shows the prototype of solar panel using optimum configuration and its power converter. The study results demonstrated that, under the complex irradiance conditions typically experienced in * portable applications such as for solar arrays embedded inbackpacks or jackets, the power generation capability of the solar array using the proposed configuration is enhanced by a factor of 2 without extra component costs compared to the traditional configuration. In addition, the maximum power point tracking is simplified to a constant voltage control problem, which in turn reduces the complexity of hardware implementation and ensures the control stability.
Final Project Report 
DELIVERABLES
The final report and the CD of software are provided as deliverables. The CD contains:
EXECUTABLE VERSION OF THE VTB SOFTWARE
Two versions of VTB software are available on the CD. They are the VTB 2003 and the VTB Pro.
COMPONENT MODELS
The following models have been developed in both the VTB 2003 and the VTB Pro. A Probabilistic Load Profile Generator has been developed and implemented in MS Excel, and it can be accessed through VTB using the Advanced Programmable Load model. The program uses a probabilistic algorithm to generate unique load profiles for a set of items each time the program is executed. The items in the set are defined individually, with each item having its own set of operating modes. Help file of the Probabilistic Load Profile Generator is provided in Appendix II.
VTB SIMULATION TOOL -BATTERY ANALYZER FOR SQUAD LEVEL MISSION PLANNING
The tool is used to maximize energy available to each member of a squad without increasing the total battery count that has to be carried. It has considered equipment and power requirements during the various missions and associated operational environments. Help file of using the simulation tool is provided in Appendix II.
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